In Eastern Asia, two categories of cold air outbreaks, ordinary type and extensive and persistent type, usually occur during boreal winter, with obviously different circulation backgrounds. Blocking highs, which play an important role in cold events, are closely related to the evolution of transient eddies in their dynamical mechanism. This paper investigates the characteristics of thermal-dynamical transport of transient eddies associated with blocking events in two cold air events: a low-temperature, snowfall, and freezing event in early 2008 and a cold wave in January 2016. The results suggest that there is a convergence of transient eddy momentum and heat transport around blocking high locations during both cold events, which are beneficial for establishing and maintaining the blocking events. Moreover, the convergence of transient eddy momentum and heat transport is stronger in the 2016 event than in the 2008 event, with a northward shift of the convergence centers. Further analysis shows that the blocking high location is controlled by the convergence of Eliassen-Palm (E-P) flux in both events, which contributes to the westerly wind deceleration and provides a beneficial background for the development of blocking events. Moreover, the anticyclonic Rossby wave breaking (RWB) event occurs two days prior to the onset of blocking and weakens along with the collapse of blocking in both cold events; however, the RWB has a longer duration, stronger intensity, and more north-eastward location in the 2016 event than for the 2008 event. These results indicate that the effect of a synoptic-scale eddy is one important factor influencing different characteristics of the blocking highs and is related to different weather phenomena during the two cold events.
Introduction
During the boreal winter, East Asia is frequently subjected to the impacts of cold events. The cold events are featured by a steep rise in surface pressure, a strengthening of northerly surface winds, and a sharp drop in surface temperature [1] . These cold events exert tremendous environmental, societal, and economic influences over East Asia [2] . Additionally, the Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4) indicates that record-breaking extreme weather events, such as low-temperature events and cold waves, will frequently occur in the future [3] . These extreme sustained low temperature, snow, and freezing weather events for more than 20 consecutive days during this cold event [23] . The other occurred in January 2016 (2016 event); during this event, the temperatures in some southern provinces of mainland China were more than 10 • C lower than the average historical level [24] . Blocking high during the 2016 event is shorter in duration but stronger in intensity compared with that during the 2008 event. Previous work has reported the associated processes of the two cold events. However, a comparison between the two cold events has not been considered, especially from the perspective of transient eddies to reveal different characteristics of these two events. In this paper, we attempted to address the following two questions: (1) What are the different characteristics of transient eddy flux during blocking highs related the two cold events? (2) What is the role of synoptic-scale eddies in impacting the different features of blocking highs and different weather phenomena during these two events?
The remainder of the paper is organized as follows: Section 2 describes the data and methodologies. Sections 3 and 4 analyze the characteristics of momentum and heat transport of transient eddies during the two blocking highs, respectively. Section 5 shows the related information from perspective of Eliassen-Plam flux (E-P flux) and Rossby wave breaking (RWB). The conclusions and discussion are presented in Section 6.
Data and Methodologies

Data
Geopotential height (GPH), temperature (T), and wind (u, v) were obtained from the National Centers for Environmental Prediction and National Centers for Atmospheric Research (NCEP/NCAR) ReanalysisI [25] . The dataset is comprised of grid data formed by the reanalysis of global meteorological data from 1948 to the present using observational prediction models and assimilation systems. These data were on a grid with a horizontal resolution of 2.5 • × 2.5 • and 17 vertical pressure levels (1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa). We used the daily mean dataset from 1979-2016.
Methodologies
Recognition of a Blocking Event
In this paper, we employed the blocking index defined by Tibaldi and Molteni [26] (referred to as the T&M index). The southern 500 hPa geopotential height gradient (GHGS) and the northern 500 hPa geopotential height gradient (GHGN) were computed as follows:
where φ n = 80 • N + δ, φ 0 = 60 • N + δ, φ s = 40 • N + δ, and δ = −5 • ,0 • ,5
• . An instantaneous blocking (IB) value was assigned to a grid point if both of the following conditions were satisfied:
(1) GHGS > 0, (2) GHGN < −10 m· degree −1 .
The blocking index is then given by the value of GHGS. Basically, the T&M method is a digital analysis tool for a classical climatology of blocking events [27] , which is simple and easy to compute. In addition, this method objectively focuses on high-latitude blocking highs which are closely related to winter cold events in China [22] . Finally, the T&M method is local and instantaneous, ideally suited for real-time atmospheric monitoring, isolating regions of easterly flow at 500 hPa in longitude-time graphs (Hovmöller diagrams) and is displayed visually by many operational departments [28] .
Momentum and Heat Transport of Transient Eddies
In this study, we used a decomposition method for the atmospheric variables. According to the principle of physical decomposition [29] , the temporal anomalous fields, such as u', v' and T', are defined on a calendar date (t) in the year (y) at latitude (ϕ). The specific method is as follows:
An observational daily mean variable field F(λ, ϕ, t) y , such as GPH, u, v or T, is defined on a calendar date (t) in a year (y) at a spatial grid point of longitude (λ) and latitude (ϕ). Then, it can be decomposed into a climatic fieldF(λ, ϕ, t) and temporal anomaly field F (λ, ϕ, t) y :
The climatic field was estimated by averaging 30 years (1979-2008) of data based on the NCEP/NCAR reanalysis data on the calendar date (t). Moreover, we used 10-day running mean field F(λ, ϕ, t) y of daily climatology to ensure strong representation of the climatology:
The temporal anomalous fields can be derived after removing the climatic fields from the original observations. One is the zonal-averaged anomalous fields on calendar date (t) in year (y) at latitude (ϕ):
This component is referred to as the zonal-averaged (or planetary-scale) anomaly that was used in this paper. 
The Generalized E-P Flux
In order to supplement our study, we used the generalized Eliassen-Palm relation defined by Andrews and Mcintyre [30] . According to the transformed Eulerian mean formulation under the approximation of β plane, the expression of the E-P flux is defined as follows:
The E-P flux is a vector in the meridional (y, z) plane, which for large-scale quasi-geostrophic eddies has the components:
where ρ 0 indicates air density, u , v , T are the disturbance of u, v and T, f 0 is the Coriolis parameter, and R shows the gas constant for dry air. N and H represent buoyancy frequency and scale height, respectively. Then, the divergence of E-P flux is written as:
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The Ertel's Potential Vorticity (PV)
The quantitative PV framework we used in this paper was developed by Teubler and Riemer [31] based on the concept of baroclinically coupled Rossby waves and their downstream development. The hydrostatic form of Ertel's PV on an isentropic surface is written as:
where ζ represents the vertical component of relative vorticity on an isentropic surface, f is the Coriolis parameter.
where g, p and θ represent the gravity acceleration, pressure, and potential temperature. In this study, PV was analyzed on isentropic surface coinciding with tropopause in middle-high latitudes [32] . As the study period was in winter, the isentropic surface was selected as θ = 315 K, on which reversal of PV in the meridional gradient can reflect information of RWB.
Two Cases of Cold Events
Generally, climatic research should hold statistical significance; however, it is easy to filter information from the aspect of transient eddies because of their synoptic scale. As a result, two cold events, one occurring from January 10 to February 2, 2008, and the other from January 21-25, 2016, were chosen in this study as representative. During the two events, synoptic characteristics were very different. In early 2008, the weather was characterized as having long-duration low temperatures, snow fall, and freezing. In addition, in January 2016, most parts of China suffered from the strong cold surge, which featured a sharp drop in temperature (i.e., above 12 • C). This cold surge helped many places of China build a new record for cold temperatures during January in climatology.
Previous studies have verified the close relationship between blocking highs and the occurrences of these two cold events. For example, Nath and Chen [15] concluded that the extraordinary persistence of the cold event in 2008 had been linked with an anomalous blocking high over the Urals-Siberia regions. Nie et al. [33] considered that the development and decay of mid-latitude atmospheric blocking high contributed to the sudden drop of air temperatures in January 2016. It is indicated that features of blocking highs during these two events are different. Figure 1 shows the T&M index in Eurasian middle-high latitudes during the two events. From Figure 1a and combining the daily synoptic maps, it is found that there were mainly four blocking high processes during the low-temperature, snowy, and freezing rain event in 2008, from January 10 to 15, 18 to 22, 25 to 29, and January 31 to February 2 ( Figure 1a) , which is consistent with the previous study [34] . Here, only the second process (18 to 22 January) was considered for its severe climatic impacts and long duration in this study. The range of longitude was chosen in the Urals region (55 • -85 • E) from Figure 1a . In the other cold event in January 2016, the blocking high in the Baikal regions (90 • -120 • E) was very strong, established on January 21 and broke down on January 23 ( Figure 1b) . It is seen that the intensity of the blocking high in the 2016 event is stronger than that in the 2008 event. Based on the results in Figure 1 and previous studies [15, 33, 34] , the blocking high in the 2008 event is longer on duration, weaker in intensity, more southward in latitudes, and more westward in longitudes compared with the blocking high in the 2016 event.
region (55°-85°E) from Figure 1a . In the other cold event in January 2016, the blocking high in the Baikal regions (90°-120°E) was very strong, established on January 21 and broke down on January 23 ( Figure 1b) . It is seen that the intensity of the blocking high in the 2016 event is stronger than that in the 2008 event. Based on the results in Figure 1 and previous studies [15, 33, 34] , the blocking high in the 2008 event is longer on duration, weaker in intensity, more southward in latitudes, and more westward in longitudes compared with the blocking high in the 2016 event. We investigated the daily variation characteristics of thermal-dynamical transport of transient eddies in blocking high evolution from two days prior (Day −2) to three days after (Day +3) the establishment of the blocking high. The reason we chose this period is that the characteristics of the transient eddies were the most remarkable during the entire lifetime of the blocking high.
Characteristics of Transient Eddy Momentum Transport
The evolution of blocking highs is accompanied by momentum transport, and the contribution of momentum should be different as blocking highs develop. This section attempts to analyze the characteristics of momentum transport by transient eddies during the two blocking highs. In addition, the role of momentum transfer by eddy motion was further examined for its important influences on blocking maintenance. For both blocking highs in the 2008 and 2016 events, there are some similarities and differences during momentum transport evolution of transient eddies. As shown above, the convergence center of transient eddy momentum transport was located at 300 hPa in these two events, but the convergence of 
Characteristics of Transient eddy Heat Transport
Transient eddies are closely related to the change in baroclinic waves in the lower troposphere, which mainly conduct horizontal heat transfer along a favorable gradient, causing the atmosphere to produce a baroclinic pressure response. Due to the blocking process being the result of interaction between barotropic and baroclinic energy [36] , we used the heat transport of transient eddies to reflect the thermal mechanism of blocking highs. 
Characteristics of Transient Eddy Heat Transport
Transient eddies are closely related to the change in baroclinic waves in the lower troposphere, which mainly conduct horizontal heat transfer along a favorable gradient, causing the atmosphere to produce a baroclinic pressure response. Due to the blocking process being the result of interaction between barotropic and baroclinic energy [36] , we used the heat transport of transient eddies to reflect the thermal mechanism of blocking highs. ), where u T , R, and T denote the thermal wind, gas constant and temperature, respectively, the thermal wind will weaken, and the zonal wind at mid-latitudes then weakens, which is helpful for blocking development ] strengthened and gradually moved southward, which resulted in the gradient of temperature increasing. There was no obvious transient eddy heat transport where the blocking high was located, which indicates that there was not enough heat to maintain the establishment and development of the blocking high. In addition, the convergence of transient eddy momentum flux weakened on the term. Combined with other factors, such as diabatic heating, the blocking high collapsed a lot.
During the blocking high process for the two events, there were also many similarities and differences with respect to heat transport, similar to momentum transport. On Day weakening led to the reduction of the thermal wind, and the zonal wind then weakened, which was beneficial for the establishment and maintenance of the blocking high. This clarifies the heavier blocking event in the 2016 event. The transport of moisture and the organized release of latent heat by eddies were not considered in this study. 
Related Characteristics of E-P Flux and RWB
This previous study focused on transport of heat and momentum by transient eddies, indicating the important role of synoptic-scale eddies in the evolution of blocking highs through convergence and divergence of transient eddy flux. As a diagnostic tool, the E-P flux, which takes into account thermal and momentum transport by transient eddies together, can be used to study the stationary wave activities associated with blocking highs. In addition, as the irreversible overturning of potential vorticity in meridional regions on isentropic surfaces [37] , RWB is closely related to the physical process of these convergences and divergences of transient eddy flux. Recent studies have shown that transient waves act on the formation and maintenance of blocking highs in the form of cyclonic and anticyclonic RWB [38] . This section tries to evaluate the related characteristics of E-P flux and RWB during the lifetimes of the two blocking highs. Figure 6 shows the divergence of E-P flux during the blocking highs associated with the two events. The negative (positive) represents convergence (divergence) of E-P flux. E-P flux divergence has an important influence on the evolution of basic zonal wind in the upper-level jet stream region. The acceleration and deceleration of basic zonal flows mainly result from the meridional transportation of perturbation momentum [39] . It is shown that the regions of blocking highs during these two events are characterized by convergence of E-P flux located at the middle level of the troposphere around mid-high latitudes in Figure 6 , and the characteristic of convergence is also coincident with that of [v'T'] and [u'v'] (Figure 2-5) . The location center of E-P flux is approximately 60°N, 400 hPa, where a blocking high lies. According to the relation ∝ ∇ • F
[39], the westerly wind will decelerate and even switch to easterly in the region with E-P flux convergence; the [u] in Figures 3,4 demonstrates the result that there were easterlies at middle-high latitudes. The convergence of E-P flux supports a beneficial background for the blocking high [39] . Whether in the 2008 event or 2016 event, from Day −2 to Day −1, the strength of convergence of E-P flux increased, and the zonal easterly accelerated, which would offer helpful circulation conditions for establishment of blocking events. During Day −1 to Day 0, the E-P flux weakened slightly. During the 2008 event, from Day 0 to Day +1, the convergence of E-P flux increased, yet the increase in E-P flux was maintained until Day +2 in the 2016 event. On some days, such as Day −1 and Day +2, the latitude of the center of E-P flux convergence was further north in the 2016 event compared with that in the 2008 event. The result is consistent with the conclusion in Sections 3 and 4. By Figures 2-5 , whether it is heat or momentum transported by transient eddies, the strength of transport is stronger in the 2016 event. However, such a signal cannot be seen from the E-P flux, which may be related to a limitation of the E-P flux method such that it does not incorporate the role of diabatic heating. Figure 7 illustrates the variation of Ertel's PV on the 315 K isentropic surface from Day −2 to Day +3. It is indicated that there are obvious signals of anticyclonic RWB since 2 days prior to (Day -2) the onsets of both blocking events. During the 2008 event starting on Day −2, air with low PV 
This previous study focused on transport of heat and momentum by transient eddies, indicating the important role of synoptic-scale eddies in the evolution of blocking highs through convergence and divergence of transient eddy flux. As a diagnostic tool, the E-P flux, which takes into account thermal and momentum transport by transient eddies together, can be used to study the stationary wave activities associated with blocking highs. In addition, as the irreversible overturning of potential vorticity in meridional regions on isentropic surfaces [37] , RWB is closely related to the physical process of these convergences and divergences of transient eddy flux. Recent studies have shown that transient waves act on the formation and maintenance of blocking highs in the form of cyclonic and anticyclonic RWB [38] . This section tries to evaluate the related characteristics of E-P flux and RWB during the lifetimes of the two blocking highs. Figure 6 shows the divergence of E-P flux during the blocking highs associated with the two events. The negative (positive) represents convergence (divergence) of E-P flux. E-P flux divergence has an important influence on the evolution of basic zonal wind in the upper-level jet stream region. The acceleration and deceleration of basic zonal flows mainly result from the meridional transportation of perturbation momentum [39] . It is shown that the regions of blocking highs during these two events are characterized by convergence of E-P flux located at the middle level of the troposphere around mid-high latitudes in Figure 6 , and the characteristic of convergence is also coincident with that of [v T ] and [u v ] (Figures 2-5 ). The location center of E-P flux is approximately 60 • N, 400 hPa, where a blocking high lies. According to the relation ∂u ∂t ∝ ∇·F [39] , the westerly wind will decelerate and even switch to easterly in the region with E-P flux convergence; the [u] in Figures 3 and 4 demonstrates the result that there were easterlies at middle-high latitudes. The convergence of E-P flux supports a beneficial background for the blocking high [39] . Whether in the 2008 event or 2016 event, from Day −2 to Day −1, the strength of convergence of E-P flux increased, and the zonal easterly accelerated, which would offer helpful circulation conditions for establishment of blocking events. During Day −1 to Day 0, the E-P flux weakened slightly. During the 2008 event, from Day 0 to Day +1, the convergence of E-P flux increased, yet the increase in E-P flux was maintained until Day +2 in the 2016 event. On some days, such as Day −1 and Day +2, the latitude of the center of E-P flux convergence was further north in the 2016 event compared with that in the 2008 event. The result is consistent with the conclusion in Sections 3 and 4. By Figures 2-5 , whether it is heat or momentum transported by transient eddies, the strength of transport is stronger in the 2016 event. However, such a signal cannot be seen from the E-P flux, which may be related to a limitation of the E-P flux method such that it does not incorporate the role of diabatic heating. Pelly and Hoskins [27] reported that a blocking event is generally related to RWB. Xie and Bueh [22] further indicated that the blocking activity is primarily induced by an increased frequency and eastward extension of the synoptic anticyclonic RWB. In our study, anticyclonic RWB was observed in both blocking events and is also consistent with the study of Masato et al. [40] , which indicates that anticyclonic blocking is the leading type over Europe and Asia. In addition, Weijenborg et al. [41] declared that 70% of the detected blocking events took place after anticyclonic RWB that occurred on average 6 • south of the climatological storm track position. In our study, we identify the signature of RWB two days prior to the occurrence of blocking highs. Especially for the 2016 event, anticyclonic RWB is clearly seen 2 days before the onset of the blocking high. In addition, Riviere and Orlanski [42] pointed out that the momentum flux transport associated with anticyclonic RWB facilitates the jet stream to move north. In our study, the characteristic of a northward shift in the jet stream is obvious in the 2008 event (Figure 2b1-b3) , which indicates wave-mean flow feedback and could partly explain the variation of the jet stream during these two events. [27] reported that a blocking event is generally related to RWB. Xie and Bueh [22] further indicated that the blocking activity is primarily induced by an increased frequency and eastward extension of the synoptic anticyclonic RWB. In our study, anticyclonic RWB was observed in both blocking events and is also consistent with the study of Masato et al. [40] , which indicates that anticyclonic blocking is the leading type over Europe and Asia. In addition, Weijenborg et al. [41] declared that 70% of the detected blocking events took place after anticyclonic RWB that occurred on average 6° south of the climatological storm track position. In our study, we identify the signature of RWB two days prior to the occurrence of blocking highs. Especially for the 2016 event, anticyclonic RWB is clearly seen 2 days before the onset of the blocking high. In addition, Riviere and Orlanski [42] pointed out that the momentum flux transport associated with anticyclonic RWB facilitates the jet stream to move north. In our study, the characteristic of a northward shift in the jet stream is obvious in the 2008 event (Figure 2b1-b3) , which indicates wave-mean flow feedback and could partly explain the variation of the jet stream during these two events. 
Conclusion and Discussion
This work aimed to investigate the characteristics of thermal and momentum transport by transient eddies as well as the features of E-P flux and RWB during blocking highs associated with two cold events in early 2008 and 2016, respectively. These two types of cold events are typical in China. In addition, composite studies based on multiple cases are basically consistent with results in this study (figures not shown). However, it should be noted that all the conclusions in this study were based on two cases rather than climatological analysis. The detailed conclusions are as follows.
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Conclusions and Discussion
This work aimed to investigate the characteristics of thermal and momentum transport by transient eddies as well as the features of E-P flux and RWB during blocking highs associated with two cold events in early 2008 and 2016, respectively. These two types of cold events are typical in China. In addition, composite studies based on multiple cases are basically consistent with results in this study (figures not shown). However, it should be noted that all the conclusions in this study were based on two cases rather than climatological analysis. The detailed conclusions are as follows. Characteristics of the E-P flux and RWB were also investigated to further verify the above results. It is shown that regions with both blocking highs are characterized by the convergence of E-P flux. The westerly wind decelerates in the region of E-P flux convergence [43] , which contributes to the onset of blocking highs. In addition, the center of E-P flux convergence was more northward in the 2016 event than in the 2008 event. In view of RWB, the signal of anticyclonic RWB appears on Day −2 in the two events. However, the overturning of PV appears at 40 All the above results can largely explain different characteristics of blocking highs during the two cold events from the perspective of transient eddies. Consequently, different weather phenomena in the 2008 and 2016 events were observed. Due to the stronger and more northerly blocking high in the 2016 event, a great deal of cold air associated with the polar vortex poured along the front of the high-pressure ridge in a short time with a great release, which resulted in a large-scale sharp drop in temperature and a strong northerly gale, called a cold wave, in most regions of China [24] . However, the blocking high was weaker and moderate with longer duration in the 2008 event than that in the 2016 event, which made cold air diffuse southward by small streams instead of a large cold air attack, and thus, brought long-duration low temperatures to southern regions of China. Moreover, the warm vapor associated with the Western Pacific Subtropical High (WPSH) was also anomalously strong in early 2008, producing an extreme low-temperature, snowfall, and freezing disaster event accompanied by the long-duration cold air guided by blocking highs during early 2008. In addition to blocking highs, there are other factors that influence the formation of low-temperature events in Eastern Asia, including the polar vortex [44] , the El Nino-Southern Oscillation [45] , and the NAO [46] . This study focused on the momentum and heat transport of transient eddies in blocking highs during two cold events. Additionally, although theory about RWB is complicated, the discussion of RWB in Section 5 only considered the topic of this study. In further studies, the relationship between blocking highs and upper-level jet can be investigated by the theory of RWB. In addition, because blocking highs are a result of interactions between different large-scale waves [28] , stationary momentum and heat fluxes should also be considered.
